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SUMMARY

A multitude of cellular processes involve biomolecular condensates, which has led to the
suggestion that diverse pathogenic mutations may dysregulate condensates. While proof-of-
concept studies have identified specific mutations that cause condensate dysregulation, the

full scope of pathological genetic variation that affects condensates is not yet known. Here

we comprehensively map pathogenic mutations to condensate-promoting protein features in
putative condensate-forming proteins and find over 36,000 pathogenic mutations that plausibly
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contribute to condensate dysregulation in over 1,200 Mendelian diseases and 550 cancers.

This resource captures mutations presently known to dysregulate condensates and experimental
tests confirm that additional pathological mutations do indeed affect condensate properties in
cells. These findings suggest that condensate dysregulation may be a pervasive pathogenic
mechanism underlying a broad spectrum of human diseases, provide a strategy to identify proteins
and mutations involved in pathologically altered condensates, and serve as a foundation for

mechanistic insights into disease and therapeutic hypotheses.
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Banani et al. map 36,000 pathogenic mutations to condensate-promoting features in proteins. The
data lead to a prediction that more than 1,000 proteins are involved in condensate dysregulation
in disease, providing a foundation for investigating the roles of condensates in disease and their

potential therapeutic applications.

INTRODUCTION

How genetic variation gives rise to human disease is understood largely from the effects

of mutations on the structure and function of individual protein molecules. Genetic and
biochemical studies have revealed how mutations in protein coding sequences affect
molecular-scale properties, such as conformation, stability, and catalytic activity, providing
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mechanistic hypotheses of disease causality that have led to valuable therapeutics (Stefl
etal., 2013; Wan et al., 2004). However, underlying pathogenic mechanisms for many
genetic diseases remain elusive, despite extensive cataloging of associated mutations. Recent
studies have shown that disease-causing mutations may also affect properties related to
mesoscale cellular organization (Kasza et al., 2019; Lewis et al., 2019). Many cellular
proteins are compartmentalized within biomolecular condensates (Banani et al., 2017; Shin
and Brangwynne, 2017), which are membraneless organelles that concentrate functionally
related proteins and nucleic acids and organize many vital cellular processes, such as

DNA replication, DNA repair, transcription, chromatin organization, RNA biosynthesis and
homeostasis, ribosome biosynthesis, protein quality control, innate immunity, cell division,
cell-cell adhesions, signaling, and synaptic transmission (Alberti, 2017; Beutel et al., 2019;
Boija et al., 2018; Cai et al., 2019; Case et al., 2019; Cho et al., 2018; Du and Chen, 2018;
Frottin et al., 2019; Gibson et al., 2019; Guo et al., 2019; Huang et al., 2019; Jiang et al.,
2015; Kilic et al., 2019; King and Petry, 2020; Larson et al., 2017; Lu et al., 2020; Lyon

et al., 2020; Milovanovic et al., 2018; Parker et al., 2019; Riback et al., 2020; Schwayer

et al., 2019; Sheu-Gruttadauria and MacRae, 2018; Strom et al., 2017; Su et al., 2016;
Woodruff et al., 2017; Zamudio et al., 2019; Zeng et al., 2016). A subset of condensate
components directly governs the formation, maintenance, organization, composition, and
physicochemical and material properties of the condensate (Banani et al., 2016; Feric et al.,
2016; Jain et al., 2016; Li et al., 2012; Lin et al., 2015; Wang et al., 2018). Thus, a protein-
coding mutation in a condensate-forming protein may affect not only the individual protein,
but also the biomolecular condensate in which the protein is found. Specifically, mutations
that affect regions of proteins that promote condensate formation can significantly alter

the properties of condensates, including their formation (Ahn et al., 2021; Chandra et al.,
2021; Li et al., 2020; Wan et al., 2019), material properties (Patel et al., 2015), localization
(Boulay et al., 2017), or composition (Basu et al., 2020). These condensate-promoting
features include modular interaction domains (MIDs) and stretches of low complexity
sequences (LCSs) found within intrinsically disordered regions (IDRs) (Figure 1A). These
observations have led us and others to postulate that condensate dysregulation may play a
role across a broad spectrum of diseases (Alberti and Dormann, 2019; Alberti and Hyman,
2021; Boija et al., 2021; Kim et al., 2013; Molliex et al., 2015; Tsang et al., 2020).

A resource that links data on pathogenic genetic variation to condensate-promoting protein
features could promote further study of diseases likely to involve dysregulated condensates.
To this end, we collected putative condensate-forming proteins, annotated condensate-
promoting sequence features (MIDs and LCSs) onto these proteins, and mapped a broad
spectrum of human disease variants associated with Mendelian diseases and cancers to these
features. This approach produced a catalog of over 36,000 pathogenic mutations associated
with 1,790 diseases that may involve condensate dysregulation as an underlying pathogenic
mechanism. To demonstrate the utility of this approach and estimate its predictive accuracy,
we performed experimental tests across 12 proteins from the catalog and found most tested
mutations do indeed cause condensate dysregulation phenotypes in cells. This resource and
its associated analyses provide a foundation for the study of condensate-associated disease
mechanisms by facilitating the generation of novel mechanistic and therapeutic hypotheses.
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Generating a resource for the study of condensate dysregulation in disease

A set of putative condensate-forming proteins was defined by integrating existing databases
of proteome-wide subcellular immunofluorescence (Yu et al., 2020), sequence-based
predictions (Mierlo et al., 2021), and curation of phase-separating proteins from the
literature (Li et al., 2019; Mészéros et al., 2019; You et al., 2019) (Figure 1B, Figure S1A,
Table S4A-B, Methods). This approach defined 3,941 putative condensate-forming proteins.

Condensate-promoting features, consisting of MIDs and LCSs (Figure 1A), within these
3,941 putative condensate-forming proteins were then identified. MIDs, such as SH2,
SH3, RRM, and Bromodomains, were defined by integrating annotations of the subset

of conserved protein domains (Blum et al., 2020; Letunic et al., 2020; Lu et al., 2019;
Mistry et al., 2020) known to participate in binding interactions (Bienz, 2020; Hentze et
al., 2018; Lambert et al., 2018; Lunde et al., 2007; Pawson and Nash, 2003; Seet et al.,
2006; Vaquerizas et al., 2009; Yun et al., 2011) (Table S4F). LCSs, such as prion-like
domains (Alberti et al., 2009; Martin et al., 2020; Wang et al., 2018), low-complexity
aromatic-rich kinked segments (LARKS) (Hughes et al., 2018), regions enriched with pi-
interacting residues (Vernon et al., 2018), and acidic/basic charge blocks, were mapped
using existing approaches where available or by scanning human protein sequences for
statistically identified regions of low complexity (Figure SIA-C, Table S1). This analysis
produced a map of condensate-promoting features across the set of putative condensate-
forming proteins and recovered the MIDs and LCSs of known condensate-forming proteins
with high fidelity (Figure S1D, Table S4B, Table S4F-G).

We then identified the pathogenic mutations that affect condensate-promoting features
(Figure 1B), hypothesizing that such mutations would have a high likelihood of affecting
condensate properties. We extracted pathological human disease variants from existing
datasets of variants associated with Mendelian diseases and cancers (Methods). Variants
were defined as pathogenic based on clinical assessments of pathogenicity provided in the
source datasets for Mendelian variants, or integrated from independent knowledgebases
for cancer variants (Chakravarty et al., 2017; Griffith et al., 2017; Landrum et al., 2017;
Stenson et al., 2020; Tamborero et al., 2018) (Figure S1A, Table S4C, Methods). Such
assessments of pathogenicity are largely based on established guidelines that integrate
various sources of evidence, including associations with clinical phenotypes, population

or tumor frequencies, and computational predictions, as well as knowledge of functional or
molecular properties of the mutation and the affected protein (Li et al., 2017; Richards

et al., 2015). Within pathogenic variants, we focused on the types of variants where

we could reasonably predict the effect of mutations on condensate-promoting features
(Methods). These variant types consisted of missense variants, in-frame insertions and
deletions (indels), as well as nonsense and frameshift variants (hereafter, referred to together
as truncating variants). Together, these variant types comprised over 98% of the observed
pathogenic mutations (Figure S2A). Truncating variants may lead to nonsense-mediated
decay (NMD), confounding whether a truncating mutation imparts its effects primarily
through the loss of a condensate-promoting feature versus the loss of the protein. To

Dev Cell. Author manuscript; available in PMC 2023 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Banani et al.

Page 5

minimize this confounding effect, we chose to eliminate all truncations predicted to elicit
NMD (Lindeboom et al., 2016) from the analyses (Table S4D, Methaods). In total, we
extracted 322,825 pathogenic variants associated with 5,342 Mendelian diseases and 659
cancer types for further study (Cerami et al., 2012; Consortium, 2017; Hoadley et al., 2018;
Landrum et al., 2017; Stenson et al., 2020) (Figure 1B, Figure S1A).

We mapped these pathogenic variants to the condensate-promoting features annotated within
condensate-forming proteins. Mutations were defined as affecting condensate-promoting
features if they were missense mutations or in-frame insertions within the bounds of an

MID or LCS, or if they were in-frame deletions and truncating mutations removing part

of an MID or LCS (Methods). This resulted in a catalog of 36,777 pathogenic mutations
found to affect condensate-promoting features in 1,745 of the putative condensate-forming
proteins, spanning 1,233 distinct Mendelian phenotypes and 557 cancer types (Figure S1A,
Figure S2B-D, Table S4H). This catalog recovered pathogenic mutations shown in the
literature to cause condensate dysregulation with a sensitivity of 76%, including mutations
in proteins such as UBQLN2, FUS, MECP2, TIA1, HNRNPAL, and SPOP (Bouchard et

al., 2018; Conicella et al., 2016; Dao et al., 2019; Li et al., 2020; Mackenzie et al., 2017,
Molliex et al., 2015; Patel et al., 2015; Quiroz et al., 2020) (Figure S2E, Figure S1D, Table
S2). Thus, this catalog of pathogenic mutations, with annotations of associated diseases,
disrupted condensate-promoting features, and affected condensate-forming proteins for each
mutation (Table S4H), provides a foundation for further studies of condensate dysregulation
in disease.

The spectrum of diseases predicted to involve dysregulated condensates

Thus far, a small fraction of known diseases has been shown to arise from condensate
dysfunction, so most diseases have not been directly linked to pathogenic mechanisms
involving condensates. Condensates that have been linked to specific diseases thus far have
provided important new insights into the biological regulation of the condensate as well as
the pathogenic mechanisms underlying the disease (Ahn et al., 2021; Boija et al., 2021; Cai
et al., 2021; Chandra et al., 2021; Kim et al., 2013; Li et al., 2020; Min et al., 2019; Molliex
et al., 2015; Nedelsky and Taylor, 2019; Patel et al., 2015; Quiroz et al., 2020; Ramaswami
etal., 2013; Spannl et al., 2019; Zhang et al., 2020). Thus, we next asked what types

of diseases were most associated with the mutations predicted to dysregulate condensates.
We categorized Mendelian diseases and cancers by the organ systems or tissue types they
involved (Methods). Mutations affecting condensate-promoting features were involved in
nearly all types of Mendelian diseases and cancers (Figure 2A-B). The proportion of

such mutations affecting a particular organ system was more or less comparable across all
organ systems, and these mutations accounted for 5-10% of pathogenic mutations across
Mendelian diseases and 15-25% of mutations across cancer types.

Specific mutations have been shown to cause dysregulation of a small subset of the
biomolecular condensates described thus far (Basu et al., 2020; Kim et al., 2013; Li et

al., 2020; Mackenzie et al., 2017; Molliex et al., 2015; Patel et al., 2015; Quiroz et al.,
2020; Ramaswami et al., 2013), while the majority of known condensates have not directly
been linked to human disease. To evaluate the breadth of known condensates that could
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be dysregulated in disease, we looked for associations with specific condensates among

the set of disease-associated, condensate-forming proteins within our catalog (Methods).
The mutations predicted to dysregulate condensates occurred in proteins associated with a
broad range of functions and condensates, but were particularly evident among components
of nuclear condensates, such as those involved in transcription, chromatin structure, RNA
splicing and pre-ribosome biosynthesis (Figure 2C, Table S41-K). Stratifying this analysis
by disease type revealed known associations of condensates and diseases—including those
of RNA granules with FTD, ALS, and other neurodegenerative phenotypes (Conicella et
al., 2016; Kim et al., 2013; Mackenzie et al., 2017; Molliex et al., 2015; Ramaswami

et al., 2013); of transcriptional condensates with polydactyly (Basu et al., 2020); of
heterochromatin with Rett syndrome (Li et al., 2020); and of keratohyalin granules with
atopic dermatitis (Quiroz et al., 2020)—and nominated numerous additional putative
associations between known condensates and specific Mendelian diseases or cancers (Figure
2D, Table S4J-K). These results corroborate the hypothesis that condensate dysregulation
may be an underlying pathogenic mechanism across a broad spectrum of human diseases.

It is important to note that some nominated mutations are also likely to contribute to
pathogenesis via other known molecular-scale mechanisms, such as disruption of protein
fold, catalysis, ligand binding, post-translational modifications, and subcellular localization
signals (Figure S2G, Table S4B). Condensate dysregulation does not exclude these canonical
models of protein dysfunction, but rather, provides an additional framework with which

to better understand the pathogenic basis of disease and a foundation for mechanistic and
therapeutic hypotheses.

Pathogenic mutations affecting condensate-promoting features alter condensate
properties in cells

To confirm that a subset of pathogenic mutations identified in this catalog can affect
condensate properties in cells, we selected 25 putative condensate-forming proteins spanning
a range of biological functions and diseases for study (Table S3). Murine embryonic stem
cells (MESCs) were selected for use in this study because cell lines can be engineered to
provide a consistent cellular environment for comparisons of multiple pairs of wild-type
(WT) and mutant proteins and mESCs also have proven utility in the study of condensate
properties (Cho et al., 2018; Guo et al., 2019; Henninger et al., 2021; Li et al., 2020; Sabari
et al., 2018). Cell lines were generated in which genes encoding the 25 wild-type proteins
were stably integrated and expressed with an mEGFP tag, and these were subjected to live-
cell imaging with Airyscan confocal laser-scanning microscopy (Figure 3A). As controls,
we used MECP2, a validated condensate-forming protein in mESCs (Li et al., 2020), and
MEGFP, which exhibits a non-punctate distribution throughout the nucleus and cytoplasm
(Figure 3B). The use of any one cell type for condensate studies is naturally limiting
because condensate formation can depend on cell type, environmental stress and external
signals. Nonetheless, approximately half of the proteins studied in mESCs (13/25) were
found concentrated within punctate structures that exhibited dynamics typically observed in
condensates, and two additional proteins formed puncta in another cell line or with exposure
to oxidative stress (Figure S3A-C, Table S3).

Dev Cell. Author manuscript; available in PMC 2023 July 25.
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We then asked whether pathological mutations that affect condensate-promoting features
within the 13 proteins that formed condensates in mESCs affect measurable properties of
the observed puncta. For each of the 13 proteins, we generated at least one analogous

cell line expressing a representative missense or truncation mutation (Figure 3A, Table

S3). Mutations were selected to represent the approximate proportion of mutation types

and affected condensate-promoting features in the catalog (Figure S3D). For each WT and
mutant pair of live cell lines, the area, number, and partitioning of the corresponding protein
into condensates was measured (Figure 3A, Methods). We found that 87% of mutations
tested (13/15) as well as a known condensate-disrupting mutation in MECP2 (Li et al.,
2020) showed qualitative and quantitative differences in the properties of WT versus mutant
puncta (Figure 3C, Figure S3E, Figure 4A-C). In 11 of 13 cases, the mutations caused
significant reductions in partitioning of the protein into condensates. In the remaining two
cases, one mutation enhanced the ability of the proteins to associate with condensates

while the other caused the protein to form puncta in other cellular locations (Figure 3C,
Figure S4B, Figure S4D). Two lines of evidence indicate these observations in mESCs
were relevant in humans: all thirteen candidates have previously been observed to occur in
condensate-like puncta in at least one human cell line (Thul et al., 2017), and at least five

of these occur in condensate-like punctate structures in disease-relevant human tissues or
human cell lines (Figure S4F-G). While our experimental tests represent a relatively small
sampling of mutations compared to the full catalog, our results suggest a predictive accuracy
of the catalog to be between 60-98% (95% confidence interval) (Figure S4E). These results
suggest that a substantial fraction of pathogenic mutations that were mapped to condensate-
promoting features of condensate-forming proteins do produce condensate dysregulation
phenotypes in cells, and that these phenotypes include reduced condensate incorporation,
enhanced condensate incorporation, and altered condensate localization (Figure 4A-B).

DISCUSSION

Much of human disease is understood through the lens of mutations affecting proteins

at the molecular length scale, due in part to advances afforded by structural biology and
hypotheses of protein function and disease causality that emerge from 3D structural models.
This understanding plays a considerable role in therapeutic advances, as it enables medicinal
chemistry employing structure-based drug design. In contrast, far less is known about

how mutations affect properties that organize cellular processes at the mesoscale, such

as the propensity to form biomolecular condensates, although this propensity has recently
been linked to a variety of protein features. Thus, a map of known condensate-promoting
protein features and the pathological mutations that affect these features could be a powerful
tool in the investigation of disease mechanisms derived from disruption of this mesoscale
organization.

The approach we present identified over 36,000 pathogenic mutations that plausibly
contribute to condensate dysregulation across over 1,200 Mendelian diseases and 500
cancers. The premise of the approach is supported by many studies that have identified
various types of MIDs and LCSs as predominant determinants of the formation and
macroscopic properties of condensates as well as evidence that pathological mutations in
these condensate-promoting features can lead to altered condensate properties (Banani et
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Banani et al.

Page 8

al., 2017; Bouchard et al., 2018; Choi et al., 2020; Molliex et al., 2015; Patel et al., 2015;
Wan et al., 2019). Several observations suggest that this resource will prove to be a useful
predictive guide to studying condensate-associated diseases. The analytical approach used
here captured nearly 80% of known disease-causing mutations that affect condensates. Our
experimental validation results show that nearly all of the thirteen tested mutations alter
condensate properties in cells, and that these span condensate dysregulation phenotypes such
as dissolution, enhancement, and mislocalization. Despite a small experimental sample size
compared to the full catalog, our estimates suggest the predictive accuracy of the catalog to
be between 60-98% (95% confidence interval). We thus expect this catalog of mutations to
be substantially enriched for those that directly affect condensate properties.

This resource suggests that a substantial fraction of pathogenic mutations impart

their phenotypic effects by altering the physicochemical properties of condensates that
compartmentalize the diverse regulatory functions of cells. It predicts that mutations
affecting condensate-promoting features of condensate-forming proteins contribute to
diseases spanning all human organ systems, suggesting that the potential for novel disease
mechanism discovery, therapeutic hypotheses, and consequent impact on medicine, is
considerably vast. The mechanistic evaluation of these mutations will likely require evolving
paradigms that address phase-separating systems across disciplines, including polymer
physics, nonequilibrium thermodynamics, pharmacodynamics and pharmacokinetics, and
medicinal chemistry. The therapeutic opportunities for diseases caused by condensate
dysregulation have yet to be fully explored, but evidence that therapeutic small molecules
can selectively interact with specific condensates (Babinchak et al., 2020; Howard and
Roberts, 2020; Klein et al., 2020; Lemos et al., 2020; Viny and Levine, 2020; Wheeler et al.,
2019) suggests that such therapies can be devised.

LIMITATIONS OF THE STUDY

Validation of predicted condensate dysregulation is at present practically and technologically
limited to relatively small experimental sample sizes. Our experimental studies do not
establish a direct link between observed condensate dysregulation and the ultimate cellular
and organismal defects that create the disease phenotype. Our analyses are primarily
restricted to MIDs and LCSs, and while these are thought the be the predominant
determinants of condensate properties, many additional protein features that we do not
explicitly consider have been directly or indirectly associated with condensate properties
(Bouchard et al., 2018; Gibson et al., 2019; Nott et al., 2015; Rai et al., 2018; Yoshizawa et
al., 2018), suggesting that mutations not captured in our catalog may also affect condensates.
We anticipate that technological and conceptual advances in condensate biology, as well as
detailed molecular studies of specific proteins in disease-appropriate model systems may
help to overcome these limitations in the future.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Richard A. Young (young@wi.mit.edu).

Dev Cell. Author manuscript; available in PMC 2023 July 25.
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Materials availability—All unique/stable reagents generated in this study are available
from the Lead Contact upon reasonable request with a completed Materials Transfer
Agreement.

Data and code availability

. Datasets used in this study are available from the sources cited in the
Key Resources Table. Processed data used in the study is available in the
Supplemental Tables and on the Young laboratory’s website.

. Code generated during this study is available via https://github.com/bananisf/
2022_Banani_Afeyan_Hawken_Condensate_Dysregulation.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—V6.5 murine embryonic stem cells (MESCs) were a gift from R. Jaenisch.
Human cell lines (HCT116, MCF7, and HEK293T) were obtained from ATCC.

Cell culture conditions—mESCs were cultured in 2i/LIF media on tissue culture treated
plates coated with 0.2% gelatin (Sigma G1890) in a humidified incubator with 5% CO2 at
37°C. Cells were passaged every 2—-3 days using TrypLE Express (Gibco) for dissociation
quenched with serum/LIF media. 2i/LIF media: DMEM/F12 (Gibco) supplemented with 1x
N2 and 1x B27 (Gibco), 1x MEM Non-essential amino acids (Gibco), 100 U/mL Penicillin-
Streptomycin (Gibco), 1ImM L-glutamine (Gibco), 0.25% BSA Fraction V (Gibco), 0.1 mM
2-mercaptoethanol (Sigma), 3 uM CHIR99021 (Stemgent), 1 uM PD0325901 (Stemgent),
and 1000 U/mL leukemia inhibitor factor (LIF) (ESGRO). Serum/LIF media: KnockOut
DMEM (Gibco) supplemented with 15% fetal bovine serum (Sigma), 2 mM L-glutamine
(Gibco), 1x MEM non-essential amino acids (Gibco), 100 U/mL penicillin-streptomycin
(Gibco), 0.1 mM 2-mercaptoethanol (Sigma), and 1000 u/mL leukemia inhibitor factor (LIF)
(ESGRO).

Human cell lines HCT116 (ATCC), MCF7 (ATCC) and HEK293T (ATCC) were cultured
in complete DMEM media (DMEM (Life Technologies 11995073), 10% Fetal Bovine
Serum, FBS (Sigma Aldrich, F4135), 1% L-glutamine (GIBCO, 25030-081), 1% Penicillin
Streptomycin (Life Technologies, 15140163) at 37°C with 5% CO2 in a humidified
incubator. For passaging, cells were washed in PBS (Life Technologies, AM9625) and
TrypLE Express Enzyme (Life Technologies, 12604021) was used to detach cells from
plates by incubating them in TrypLE at 37°C with 5% CO2 in a humidified incubator for

5 minutes. TrypLE was quenched with complete DMEM, described above, and cells were
plated in new tissue culture-grade plates.

Human tissue samples—Human tissue samples were purchased from biolVT. Healthy
human breast tissue was from a 27-year-old female with infiltrating lobular carcinoma of
the breast and stage group T4N2MO. Health human kidney tissue was from a diabetic
28-year-old male.
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Human tissue sample storage conditions—Human tissue samples were kept frozen,
embedded in OCT, and stored at —80°C until use.

METHOD DETAILS

Definition of Condensate-Forming Proteins—The set of 20,394 Homo sapiens
proteins and their sequences in the UniProt/SwissProt database v2020_06 (Consortium et
al., 2020) were defined as the human proteome in this study (Figure S1A, Table S4A).
The list of known and predicted condensate-forming proteins was defined by integrating:
(i) proteins with a DeepPhase (Yu et al., 2020) score (based on analysis of proteome-
wide immunofluorescence) of = 0.9, a validated threshold provided by the developers of
the algorithm; (ii) proteins scoring within the top 10% of PSAP scores (Mierlo et al.,
2021) (based on proteome-wide sequence-based analysis); and (iii) known phase-separating
proteins curated from LLPSDB (Li et al., 2019) (accessed January, 2021), PhaSePro
(Mészéros et al., 2019) (accessed January, 2021), and PhaSepDB v1.3 (You et al., 2019).
The resulting list of proteins is shown in Table S4E.

Mapping of Protein Features—Multiple classes of canonical and condensate-promoting
protein features were mapped onto the proteome as follows, with the mapping results
provided in Table S4B.

Domains.: Integrated domain annotations from CDD v3.18 (Lu et al., 2019), PFAM

v33.1 (Mistry et al., 2020), SMART v7.1(Letunic et al., 2020) corresponding to the

UniProt entries for the set of human proteins were obtained via InterPro v83.0 (Blum

et al., 2020). We found that using integrated annotations provides a more comprehensive
mapping of domains across the proteome. The integration in InterPro ensures that the

same instance of a given domain within a protein from multiple domain databases is
annotated as a single entry. Related domains (e.g. different subtypes of SH3 domains)

were further grouped into a single parent entry using hierarchies provided in InterPro.
Catalytic domains were defined as those having a molecular function annotation in InterPro
including “enzyme activity” or ending with “-ase activity”. For the analyses in Figure

S2G, protein regions with UniProt annotations of active site were also included within

the catalytic domains category. /nteraction Domains (or Modular Interaction Domains
[MIDs], as we refer to them in the context of condensate formation) were defined by
combining the following subsets of domains: (i) domain entries that had any of the following
molecular function annotations in InterPro: protein complex, oligomerization, protein
dimerization activity, protein tetramerization, protein homodimerization activity, protein
heterodimerization activity, protein homooligomerization, DNA binding, RNA binding,
protein binding, nucleic acid binding, actin binding, microtubule binding, actin filament
binding, histone binding, integrin binding, clathrin binding, cellulose binding, telomeric
DNA binding, cadherin binding, starch binding, protein kinase binding, ubiquitin binding,
tubulin binding, cytoskeletal protein binding, collagen binding, chitin binding, mismatched
DNA binding, chromatin binding, double-stranded DNA binding, or phospholipid binding,
(if) domain entries that matched (based on manual assessment) curated lists of domains from
the literature corresponding to head-to-tail interacting domains (Bienz, 2020), RNA-binding
domains (Hentze et al., 2018; Lunde et al., 2007), DNA-binding domains in transcription
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factors (Lambert et al., 2018; Vaquerizas et al., 2009), protein-protein interaction domains
found in cell signaling (Pawson and Nash, 2003; Seet et al., 2006) (including those that
recognize PTMSs), or domains that recognize histone modifications (Yun et al., 2011); and
(iii) manually curated list of domains not included in (i) or (ii) assembled from prior
knowledge of or domain descriptions in InterPro documenting their known or suspected
involvement in binding interactions. We note that the same list of MIDs were used for
analyses involving canonical protein properties in Figure S2G as well as for the mapping
of condensate-promoting features within condensate-forming proteins (Figure 1B, Figure
S1A), given the known roles of MIDs in both canonical protein-protein interactions and in
condensate formation. The final list of MIDs used in this study is provided in Table S4F.

It is important to note that the because the definition of a domain primarily relies on
sequence conservation, it does not explicitly consider predictions of structure or disorder.
While it turns out that most of the amino acid residues within most domains are often
demonstrated or predicted to be folded/structured, this does not preclude occasional overlaps
of domains with predicted intrinsically disordered regions and LCSs therein (see below).

Structural Elements.: Structural elements were defined by integrating the following protein
annotations: (i) all protein regions annotated in UniProt (Consortium et al., 2020) as having
structural elements helix, beta strand, turn, disulfide bond, and coiled coil, and (ii) all
conserved domains (see above), which are often structured, that did not meet the definition
of catalytic domain or interaction domain, filtered to remove any regions predicted to be
intrinsically disordered (see below).

Interaction Motifs.: Interaction motifs were defined by integrating: (i) short linear
interacting motifs (SLiM) annotations corresponding to UniProt entries from the ELM
database (Kumar et al., 2019) (accessed November, 2020); (ii) all protein regions annotated
in UniProt as region or motif (with the exception of those with a description including
“Nuclear localization signal”); and (iii) molecular recognition features (MoRFs) that
undergo coupled folding upon binding from MFIB database (Ficho et al., 2017) (version
26-06-2017). For (i), SLiMs were filtered to only include those annotated with the logic of
true positive.

Protein Processing.: Regions involved in protein processing were defined by using regions
annotated in UniProt as peptide, signal peptide, transit peptide, propeptide, and initiator
methionine.

Post-translational Modifications.: Sites of PTMs were defined by integrating: (i) all
protein regions annotated in UniProt as /modified residue, lipidation, glycosylation, and
cross-link; and (ii) all PTM sites corresponding to UniProt entries in PhosphoSitePlus
(Hornbeck et al., 2015) (accessed November, 2020).

Nuclear Localization and Nuclear Export Signals.: NLSs and NESs were defined by
integrating: (i) all protein regions annotated in UniProt as /motifand with a description
containing “Nuclear localization signal”; and (ii) NLS and NES sites corresponding to
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UniProt in NLSdb (Bernhofer et al., 2017) (accessed November, 2020). For (ii), NLSs and
NESs were filtered to only include those annotated as Experimental or By Expert.

Other Functional Regions.: The miscellaneous category of other functional regions was
defined by integrated all other protein regions annotated in UniProt presumed to be
susceptible to disruption by mutation. The following annotations were integrated to define
these regions: site, binding site, metal binding, calcium binding, DNA binding, nucleotide
binding, and mutagenesis.

Intrinsically Disordered Regions.: IDRs were mapped using metapredict (Emenecker et
al., 2021) using a threshold of 0.2, which was within the recommended range of cutoffs
suggested by the developers of the algorithm.

Low Complexity Sequences.: The list of thirteen types of LCSs used in this study was
assembled manually from literature evidence of their involvement in IDR-mediated phase
separation (Table S1). Prion-like domains were mapped using PLAAC (Lancaster et al.,
2014) with core length set to 60 and relative weighting of background probabilities set

to 100, as done in prior work that globally mapped this LCS type across the proteome
(Wang et al., 2018). pi-pi interacting residues were mapped using PSP (Vernon et al.,
2018), and residues with a PScore of > 4, based on the confidence thresholds provided

in the algorithm, were considered to be LCSs of this type. LARKS were obtained from a
prior study (Hughes et al., 2018). For the remaining types of LCSs, established, validated
approaches for mapping these LCSs to our knowledge do not exist to date, so an approach
based on functions for analogous purposes in local CIDER (Holehouse et al., 2017) and
on a previously applied procedure (Li et al., 2020) was used to map these LCS regions.
Amino acid compositions in sliding 5-residue windows were computed for each protein.
LCS regions were defined as stretches of = 5 consecutive residues (at minimum 1 window
length) that consisted of characteristic residues corresponding to the particular type of
LCS occurring at a frequency above a predefined threshold, set as described below (Table
S1). All identified regions were filtered for those that occurred within predicted IDRs,
determined as described above. This approach performed well when benchmarked against
a set of experimentally validated condensate-promoting LCSs, with a receiver operating
characteristic (ROC) area under the curve (AUC) ranging from 0.8-1.0 across the mapped
LCSs (Figure S1B, Table S1). Optimal cutoffs for frequencies of the characteristic amino
acids within 5-residue window were determined for each LCS from the ROC curve as the
point of minimum Euclidean distance from perfect performance (0% false positive rate,
100% true positive rate) (Figure S1B). LCS mapping results and the overlap between the
different types of LCSs identified are shown in Figure S1C, Table S1, and Table S4G.

Annotation of Mendelian and Cancer Mutations—\Variants associated with
Mendelian diseases were obtained from ClinVar (Landrum et al., 2017) (accessed
January 29, 2021) and HGMD v2020.4 (Stenson et al., 2020) in hg38.

Cancer variants were obtained from AACR Project GENIE v8.1 (Consortium,
2017) and various TCGA and TARGET studies via cBioPortal (Cerami et al.,
2012; Hoadley et al., 2018) (accessed January, 2021) (Figure S1A) (cBioPortal
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study identifiers: vcec tcga pan can atlas 2018, skem _tcga pan can atlas 2018,
coadread tcga pan can _atlas 2018, luad tcga pan can atlas 2018,

stad tcga pan_can_atlas 2018, lusc tcga pan can atlas 2018,

blca_tcga pan_can_atlas 2018, brca tcga pan _can atlas 2018,

hnsc_tcga pan_can_atlas 2018, cesc tcga pan can_atlas 2018,

gbm_tcga pan_can_atlas 2018, lihc_tcga pan can_atlas 2018,

oV _tcga pan can atlas 2018, lgg tcga pan can atlas 2018,

esca_tcga pan_can _atlas 2018, prad tcga pan can atlas 2018,

paad tcga pan_can_atlas 2018, kirp_tcga_pan_can_atlas 2018,

kirc_tcga pan_can_atlas 2018, sarc _tcga pan can atlas 2018,

theca tcga pan _can atlas 2018, acc _tcga pan can atlas 2018,

ucs tcga pan _can_atlas 2018, laml_tcga pan _can_atlas 2018,

dlbc _tcga pan can atlas 2018, thym tcga pan can_atlas 2018,
meso_tcga_pan_can_atlas 2018, kich_tcga pan can atlas 2018,
tgct_tcga_pan_can_atlas_2018, chol tcga pan can atlas 2018,

pcpg_tcga pan _can_atlas 2018, uvm tcga pan _can atlas 2018, wt target 2018 pub,
all phase2 target 2018 pub, aml target 2018 pub, nbl target 2018 pub, and

rt_target 2018 pub). For cancer variants, genomic coordinates were converted from hg19
to hg38 using /iftover (Kent et al., 2002). Deletions larger than 100kb were omitted from
analysis. Variants were mapped to protein-coding sequence changes within our set of 20,394
human proteins in SwissProt/UniProt using Ensembl VEP v102 (Yates et al., 2019) and ID
mappings between Ensembl and UniProt. Given that the biological relevance of alternate
isoforms is not comprehensively understood across the proteome, we chose to focus on
protein isoforms considered to be the canonical isoforms (Consortium et al., 2020) which
represent the best annotated and understood isoforms across all proteins (although we
acknowledge that alternative splicing can affect IDRs (Buljan et al., 2012; Romero et al.,
2006; Smith et al., 2020) and condensate-forming properties (Batlle et al., 2020; Gueroussov
etal., 2017; Tsang et al., 2020), and therefore mutations in alternative isoforms can in
principle affect condensate properties as well). Canonical isoforms are selected based on
criteria such as prevalence, similarity to homologs, and in the absence of other information,
sequence length (Consortium et al., 2020). A total of 7= 2,644,688 DNA variants (62%

of all variants in the source datasets) mapped to the 20,394 canonical protein isoforms in
UniProt. Beyond this point, variants were counted as protein variants—i.e., DNA variants
resulting in the same protein-coding alteration, regardless of their similarity or differences at
the DNA level, were counted as the same variant. All synonymous variants were removed
from further analysis. For non-synonymous variants, only the primary (often the most
severe) protein-coding change of the variant was considered for classification of mutation
types (e.g. missense, nonsense, frameshift, etc.) based on the established hierarchy of
mutation effect severity within Ensembl variant annotations.

Pathogenicity of Mendelian variants was classified based on designations of clinical
significance for ClinVar variants (pathogenic or likely pathogenic) or of variant class for
HGMD variants (DM or DM?), and of cancer variants was determined by assessing the
variants for their inclusion in CIViC (August 1, 2020 release) (Griffith et al., 2017), their
inclusion the list of CGI’s (Tamborero et al., 2018) Validated Oncogenic Mutations, or their
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designations of oncogenicity in OncoKB v2.10 (oncogenic, likely oncogenic, or predicted
oncogenic) (Chakravarty et al., 2017) (Figure S1A). We note that these definitions of
pathogenicity do rely on computational predictions of pathogenicity, but not to the same
extent as clinical, biological/functional, or evolutionary evidence of pathogenicity (Li et
al., 2017; Richards et al., 2015). The resulting 322,825 pathogenic mutations analyzed are
shown in Table S4C.

Among pathogenic mutations, we chose to evaluate mutation types that were prevalent
pathogenic mutations and where the effect of the mutation on the condensate-promoting
feature at the protein level could reasonably be predicted. These mutation types included
missense, frameshift, nonsense, in-frame deletion, and in-frame insertion mutations.
Together these mutations accounted for 98.9% of pathogenic mutations (not shown),
capturing the vast majority of pathogenic mutations. We did not evaluate mutations that
affect splicing (0.5% of pathogenic mutations; splice region, splice donor, and splice
acceptor mutations) or the start codon (0.3% of pathogenic mutations), or mutations that
represented complex changes to the protein sequence (e.g. deletion-insertions, 0.2% of
pathogenic mutations).

Nonsense and frameshift variants were considered together to be fruncating variants and
assessed for their predicted propensity to elicit NMD. Predictive rules for NMD were
obtained from prior work (Lindeboom et al., 2016). A truncating variant was considered
to elicit NMD if the corresponding premature stop codon it introduced occurred (i) >200
residues C-terminal to the start codon; (ii) >50 residues N-terminal to the final exon-exon
junction; and (iii) in an exon <400 base pairs in length. Pathogenic variants classified as
NMD-eliciting in this manner are shown in Table S4D and were omitted from further
analyses of truncating variants.

Mutations were defined as affecting condensate-promoting features if they were missense
mutations or in-frame insertions within the bounds of an MID or LCS, or if they were
in-frame deletions and truncating mutations removing part of an MID or LCS. Truncation
mutations can affect the valency of condensate-promoting features to varying degrees
depending on the position of the truncation, and thus not all truncations are expected to
lead to a substantial effect on condensates. We defined MID valency as total number of
MIDs of any type and LCS content (a proxy for LCS valency) as the total number of LSC
residues of any type and implemented a filter requiring that a truncation mutation remove at
least 25% of the protein’s total MID or LCS valency. This cutoff was set based on studies
of known condensate forming proteins that suggest that a fractional valency loss of 0.2-0.4
was necessary in these cases to observe substantial effects on condensate formation (Li

et al., 2020; Quiroz et al., 2020). The catalog of 36,777 pathogenic mutations that affect
condensate-promoting features within the set of putative condensate-forming proteins is
shown in Table S4H.

Disease Terminology and Stratification of Diseases by Organ System—
Different datasets use distinct terminologies for the same diseases, and we found that in
some cases even within the same dataset, terminologies for the same diseases had semantic
differences. For this reason, variants were mapped to a common disease nomenclature for
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analysis (Figure S1A). Mendelian variants were mapped to the list of 7,507 Mendelian
phenotypes in OMIM (Amberger et al., 2015) (accessed January, 2021) (only phenotypes
with the prefixes #or % were included) using links to OMIM provided in ClinVar

or HGMD. 65% of pathogenic Mendelian mutations (7= 176,976 mutations) mapped

to a Mendelian phenotype and were used for disease-related analyses. The Mendelian
phenotypes were mapped to organ systems using HPO annotations (Kéhler et al., 2018)
(December 9, 2020 release) of OMIM phenotypes. Cancer variants were mapped to the
list of 836 tumor types in OncoTree (Kundra et al., 2021) (accessed January, 2021; only
terms at level 2 or greater were included, as level 1 indicated tissues of origin) using links
to OncoTree provided in the cancer datasets. Nearly all of the pathogenic cancer variants
(99.8%; n = 58,437 mutations) mapped to a tumor type and were used for disease-related
analyses. Tumor types were mapped to tissues of origin using the hierarchy provided in
OncoTree by mapping each tumor type to the corresponding term at level 1 of the hierarchy.

Gene Ontology Analysis—GO annotations associated with UniProt entries for human
proteins were obtained from the Gene Ontology Resource (January 1, 2021 release) (Carbon
et al., 2018). Annotations with the NOT qualifier were removed. Only annotations with

the evidence codes EXP, IDA, IPI, IMP, IGI, IEP, HTP, HAD, HMP, HGI, or HEP

were included in order restrict the analysis to annotations with supporting experimental
evidence and to exclude computationally or phylogenetically derived annotations. A subset
of GO terms that correspond to biomolecular condensates were manually curated from GO,
and components of those condensates were defined as all proteins with GO annotations
corresponding to those GO terms or any descendent terms thereof in the GO hierarchy.

For known condensates without exact GO terms, a set of GO terms thought to best

represent known properties of the condensate were used as the definitions for the condensate
components. The correspondence between GO terms, known biomolecular condensates, and
resultant proteins mapped to those condensates as used in this study is shown in Table

S4l. For all analyses, the set of proteins associated with a particular GO term included all
proteins annotated with the GO term or with all terms associated with the GO term at lower
levels of the GO hierarchy.

For the analyses in Figure 2, all GO terms associated with the set of condensate-promoting
proteins that had pathogenic mutations affecting condensate-promoting features were tested
for statistical enrichment within the set. An analogous analysis performed by stratifying the
set of condensate-promoting proteins that had pathogenic mutations affecting condensate-
promoting features by the specific disease types associated with those mutations.

Selection of Candidates and Mutations for Experimental Validation—Candidate
proteins for experimental validation (Table S3) were selected in a manner constrained only
by the practical limitation of availability of DNA reagents by manually searching Addgene
or commercially available cDNA repositories from the MGC (Team et al., 2009) for
availability of DNA material encoding full length proteins. This practical limitation is likely
to bias the candidate selection toward proteins that are well-characterized (and therefore
deposited by investigators in plasmid repositories), but we are not presently aware of any
variables in this ad hoc selection process that would confound the selection of candidates
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toward those that that are more or less likely to harbor pathogenic mutations that impact
condensates. 12 of these proteins (48%) did not show punctate localization in mESCs when
ectopically expressed with a GFP (Figure S3A, Table S3). The false discovery rate for the
set of condensate-forming proteins from which these candidates were selected is expected
to be much less than 48%, based on the validation reported in the source databases or
algorithms (Li et al., 2019; Mészaros et al., 2019; Mierlo et al., 2021; You et al., 2019; Yu et
al., 2020). This suggests that the failure to detect punctate localization is unlikely to be due
to a false designation of a protein as condensate-forming. Rather, as condensate formation
can often to be cell-type and cell-state specific, this suggests that mMESCs in resting state
may not provide a conducive environment to observe condensation for all proteins (Figure
S3B). These 12 proteins were not analyzed further. For the remaining 13 proteins that did
show evidence of punctate localization in mESCs, pathogenic mutations in these protein
candidates were selected ad hoc such that the relative distribution of selected mutations was
similar to mutations in the full catalog with respect to the types of condensate-promoting
features (MIDs or LCSs) they affected (Figure S3D). Given the relatively small sample

size of mutations selected for experimental testing compared to the full catalog, a strictly
random selection did not guarantee that the distribution of selected mutations would meet
this criterion. While we do not expect our selection process for mutations to be biased
toward mutations more or less likely to exhibit condensate effects, we cannot strictly rule
this out this possibility. We initially selected 1-2 mutations per protein candidate, with the
intention of testing additional mutations if the initial set of mutations did not show effects
on condensate properties. However, we found that the majority of mutants (87%) selected in
this initial cycle had effects measurable effects on condensate properties in cells (Figure 3C,
Figure S4B-C)

mESC Cell Line Generation—Stable cell lines were generated by cloning WT and
mutant gene sequences using NEBuilder HiFi DNA Assembly (NEB) into a doxycycline-
inducible, N-terminal mMEGFP-tagged expression construct with a hygromycin-resistance
gene, which was integrated into mESCs using the PiggyBac transposon system (Systems
Biosciences). 0.5 x 106 wildtype mESCs were plated in 6-well format and simultaneously
transfected with 1 pg of the expression vector and 1 ug of the PiggyBac transposase using
Lipofectamine 3000 (ThermoFisher), according to manufacturer instructions in serum/LIF
media. The next day, media was changed to 2i, and cells were split into 200 mm gelatin-
coated plates with 2i-media supplemented with 500 pg/mL hygromycin (ThermoFisher) for
selection. Selection media was exchanged every day and un-transfected control cells were
monitored to assess selection.

Imaging and Image Analysis in mMESCs—Cells were grown on 35 mm glass plates
(MatTek) coated with poly-L-ornithine (Sigma) for 30 minutes at 37°C followed by coating
with laminin (Corning) for 2 hours at 37°C. Expression of the mEGFP-tagged protein was
induced by adding doxycycline to the media at 1ug/mL for 24 hours. Cells were imaged live
in a heated chamber at 37°C with humidified air and 5% CO, in 2i media supplemented
with 5pM Drag5 dye (ThermoFisher) for nuclear staining. Images were acquired with a
Zeiss LSM880 Confocal Microscope with Airyscan processing with a 63x Objective and 2x
Zoom using ZenBlack acquisition software (W.M. Keck Microscopy Facility, MIT). Images
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were processed using Fiji is Just ImageJ (Fiji) (Schindelin et al., 2012). Image analysis

was conducted on z-stacks with 10-20 slices per cell at 0.2—-0.36 um per slice. Condensate
partition ratio, cross-sectional area, number per cell were calculated using a custom script
written in Python v3.6.9. A Python package, cellpose (Stringer et al., 2021), was used

on the Drag5-DNA signal to segment nuclei in each cell. For each zstack image, the
maximum intensity projection was determined and puncta were identified as objects within
the nuclear boundary (nucleoplasm) in which signal within the condensate was above a
particular threshold cutoff. A threshold cutoff of 3 standard deviations above the mean of the
image intensity was used for all candidates except for MECP2, in which a threshold cutoff
of 2 standard deviations above the mean was used. Once identified, the area and number

of each condensate was quantified. Partition ratios were calculated as the ratio of the mean
pixel intensity within puncta relative to the mean pixel intensity of the nucleoplasmic signal,
excluding signal within other segmented puncta.

FRAP analysis was performed on LSM880 Airyscan microscope with 488 nm laser.
Photobleaching was performed by defining and exposing a region of interest in or around a
punctum to 100% laser power. Images were collected every 0.5-2 seconds for up to a minute
or until the majority of the fluorescence intensity was recovered. Fiji was used to calculate
intensity values within the bleached region of interest during the timelapse before, during,
and after bleaching. Fluorescence intensities in the region were normalized to pre-bleached
values and the recovery profile was fit to a single exponential model.

Stress Condition Experiments—Cells were treated with 0.5mM NaAsO, (Sigma)
solution in cell culture media for 60 minutes and imaged. Images were acquired using Zeiss
LSM880 Confocal Microscope with Airyscan processing with a 63x Objective and 2x Zoom
using ZenBlack acquisition software. Images were postprocessed using Fiji.

Immunofluorescence with Human Tissue Samples—Fresh frozen kidney and breast
tissues were purchased from BiolVT. Tissue was embedded in OCT and frozen. Fresh frozen
colon tissue was embedded in OCT and frozen at —80°C. Tissue was sectioned into 10 pm
sections using the cryostat with temperature set at —15°C or —20°C, respectively. Sections
were stored at —20°C until use.

For the immunofluorescence sections were brought to room temperature, they were fixed in
4% PFA in PBS for 10 minutes. Following three washes in PBS, tissues were permeabilized
using 0.5% TX100 in PBS, washed three times in PBS and blocked with 4% BSA in

PBS for 1 hours. Primary antibodies were diluted into 4% BSA in PBS and added to the
tissue sample for overnight incubation at RT. Following three washes in PBS, samples were
incubated with secondary antibodies diluted 1:500 in 4% BSA in PBS. Samples was washed
in PBS, DNA was stained using 20um/mL Hoechst 33258 (Life Technologies, H3569) for

5 minutes and mounted using Vectashield (VWR, 101098-042). Images were acquired using
Zeiss LSM880 Confocal Microscope with Airyscan processing with a 63x Objective and 2x
Zoom using ZenBlack acquisition software. Images were postprocessed using Fiji.
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Primary antibodies used: TCOF1 (PA558309, Thermofisher); SALL1 (PA562057,
Invitrogen); and BARD1 (ab226854, Abcam). Secondary antibody used: Goat anti-rabbit
AlexaFluor-488 (A11008, Thermofisher).

Human Cell Line Experiments—Cells were transiently transfected with the 1ug of

WT or mutant DNA constructs (same as those used for mESC experiments, see above)

into 0.5 x 106 cells that were plated onto 35 mm glass plates (MatTek). Transfections

were performed using Lipofectamine 3000 (ThermoFisher) according to manufacturer
instructions in complete DMEM media, described above. On the day following transfection,
the media was changed and expression of the mEGFP-tagged protein was induced by adding
doxycycline to the media at 1ug/mL for 24 hours, followed by imaging, processing, and
analysis as described for mESCs above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise noted, all statistical analyses involving overlaps between sets of proteins
and were done using one-tailed Fisher’s exact tests, and p-values were adjusted for
multiple comparisons using the Benjamini-Hoechberg procedure. Unless otherwise noted,
all statistical analyses involving comparisons between distributions were done using two-
sided Wilcoxon rank sum / Mann Whitney U tests, and p-values were adjusted for multiple
comparisons using the Bonferroni correction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
Disease mutations mapped to condensate-promoting features in proteins

36,000 mutations predicted to cause condensate dysregulation in 1,700
diseases

Condensate dysregulation in cells confirmed for subset of mutations

Resource provides foundation for novel disease models and therapeutic
hypotheses
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Figure 1. A proteome-wide map of pathogenic mutations in condensate-promoting features. See
also Figures S1-S2 and Table S1.

A. Multivalent interacting features in proteins that promote biomolecular condensate
formation, including modular interacting domains (MIDs, left, green and purple) and low
complexity sequences (LCSs, right, blue and green).

B. Approach to generate a map of pathogenic mutations that affect condensate-promoting
features across the proteome (see also Figure S1A). MIDs and LCSs were mapped across
the proteome (left, top) and used to define multivalent proteins (middle). Mendelian and
cancer variants were mapped across the proteome (left, bottom), in particular on across the
set of multivalent proteins (middle), to identify pathogenic mutations that affect MIDs and
LCSs (Methods). The approach allows analysis of diseases, condensates, and mutational
signatures associated with pathogenic mutations that affect condensate-promoting features in
multivalent proteins (right).
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Figure 2. Condensate dysregulation across the spectrum of disease. See also Table S41-K.
A. Proportion of pathogenic mutations (depicted as distance from center of radar plot)

affecting condensate-promoting features in multivalent proteins across Mendelian diseases.
Mendelian diseases are stratified by organ systems in which the diseases had a phenotypic

effect (Methods).

B. Proportion of pathogenic mutations (depicted as distance from center of radar plot)
affecting condensate-promoting features in multivalent proteins across cancers. Cancers are

stratified by tissues of origin (Methods).

C. Enrichment of GO terms among the set of condensate-forming proteins that have
pathogenic mutations that affect condensate-promoting features. GO terms (black dots)

are ranked (x-axis) by statistical significance (-log,o(FDR), y~axis). Red line denotes GO
term rank corresponding to threshold for statistical significance (FDR < 0.05). The subset
of significantly enriched GO terms that correspond to biomolecular condensates (Table

S4l) are highlighted (black open circles and labels). Nuclear, cytoplasmic, and plasma
membrane-associated condensates are indicated by purple, blue, or gray labels, respectively.
D. Significant associations between specific diseases and specific condensates. The set

of condensate-forming proteins with pathogenic mutations affecting condensate-promoting
features were mapped to specific condensates using Gene Ontology (see Methods) as well
as associated with specific diseases. Overlaps between subsets of proteins associated with
specific condensates (y~axis) and those associated with specific diseases (x-axis) were tested

Dev Cell. Author manuscript; available in PMC 2023 July 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Banani et al.

Page 31

for statistical significance. Selected examples of Mendelian diseases (left) and cancer types
(right) are shown (see also Table S4J-K). Filled data points correspond to a statistically
significant association between the indicated disease with the indicated condensate, with

the data point color corresponding to the Benjamini-Hochberg adjusted p-value (FDR)

for the enrichment of proteins defined as components of the indicated condensate based

on GO (Methods) among the set of condensate-forming proteins that have pathogenic
mutations involved in the indicated disease that affect condensate-promoting features.
Unfilled datapoints correspond to a lack of a statistically significant enrichment. Size of data
point is proportional to the fraction of the indicated disease-associated condensate-forming
proteins that are components of the indicated condensates.
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Figure 3. Pathogenic mutations in condensate-promoting features alter condensate properties in

live cells. See also Figures S3-S4 and Table S3.

A. Experimental approach for testing the effect of a subset of identified mutations predicted
to affect condensates. N-terminal mMEGFP-tagged wild-type or mutant forms of candidate
proteins were stably expressed in mESCs and condensate properties were assessed using live

cell imaging and quantitative image analysis.

B. Representative images of wild-type MECP2 (positive control for condensate
incorporation) mEGFP alone (negative control). Nuclei are outlined with white dashed lines.
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C. Representative images of wild-type versus mutant mEGFP-tagged candidate proteins
BARD1, DAXX, SALL1, BRD3, RBM10, BCL11A, NONO, BCOR, TCOF1, HP1A,
SRSF2, ESRP1. Specific mutations that were tested along with their associated disease
are indicated adjacent to the images.
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Figure 4. Mutations in condensate-promoting features cause diverse condensate dysregulation
phenotypes.

Models for observed types of condensate dysregulation resulting from pathogenic mutations
that affect condensate-promoting features of condensate-forming proteins, including altered
condensate incorporation (left), enhanced condensate formation (middle), and altered
condensate localization (right). Candidate where these phenotypes were observed (Figure
3C) are listed.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Goat anti-rabbit AlexaFluor-488

ThermoFisher

A11008; RRID:AB_143165

Rabbit polyclonal anti-TCOF1

ThermoFisher

PA558309; RRID:AB_2648324

Rabbit polyclonal anti-SALL1 Invitrogen PA562057; RRID:AB_2646913
Rabbit polyclonal anti-BARD1 abcam ah226854

Biological samples

{—iisthT:n adult large intestine adjacent normal BiolVT HMLGINTAD J2-PPG7
Human adult breast adjacent normal tissue BiolVT HMNBREASTN ADJ2
Human adult kidney normal BiolVT HMKIDNEYNO RC2
Chemicals, peptides, and recombinant proteins

Poly-L-ornithine Sigma P4957-50ML
Doxycycline Sigma D9891-5G

Hoechst 33258 Life Technologies H3569

Vectashield Vector Laboratories 101098-042

Laminin (Mouse)

ThermoFisher

CB40232-1MG

Critical commercial assays

Lipofectamine 3000 Transfection Agent ThermoFisher 13000001
Experimental models: Cell lines

V6.5 murine embryonic stem cells Laboratory of Rudolph Jaenisch | N/A
Human: HCT116 ATCC CCL-247
Human: MCF7 ATCC HTB-22
Human: HEK293T ATCC CRL-3216

Recombinant DNA

Modified version of

pbfh_GFP (Henninger et al., 2021) pIH135_pb_MCPx2_mCherry_rTTA
pbfh_GFP_MECP2 This study N/A
pbfh_GFP_MECP2_R186* This study N/A
pbfh_GFP_BARD1 This study N/A
pbfh_GFP_BARD1_R406* This study N/A
pbfh_GFP_BCL11A This study N/A
pbfh_GFP_BCL11A_Q177* This study N/A
pbfh_GFP_BCOR This study N/A
pbfh_GFP_BCOR_Y657* This study N/A
pbfh_GFP_BRD3 This study N/A
pbfh_GFP_BRD3_F334S This study N/A
pbfh_GFP_HP1A This study N/A
pbfh_GFP_HP1A_V21I This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pbfh_GFP_HP1A_W142C This study N/A
pbfh_GFP_DAXX This study N/A
pbfh_GFP_DAXX_R318* This study N/A
pbfh_GFP_EDC4 This study N/A
pbfh_GFP_EDCA4_1371V This study N/A
pbfh_GFP_ESRP1 This study N/A
pbfh_GFP_ESPR1_L259V This study N/A
pbfh_GFP_NONO This study N/A
pbfh_GFP_NONO_446fs This study N/A
pbfh_GFP_RBM10 This study N/A
pbfh_ RBM10_V354M This study N/A
pbfh_GFP_SALL1 This study N/A
pbfh_GFP_SALL1_S372* This study N/A
pbfh_GFP_SRSF2 This study N/A
pbfh_GFP_SRSF2_S54F This study N/A
pbfh_GFP_SRSF2_P95H This study N/A
pbfh_GFP_TCOF This study N/A
pbfh_GFP_TCOF_Q55* This study N/A
pbfh_GFP_ASXL1 This study N/A
pbfh_GFP_BCL6 This study N/A
pbfh_GFP_BRCALl This study N/A
pbfh_GFP_DVL2 This study N/A
pbfh_GFP_DYRI1A This study N/A
pbfh_GFP_ENC1 This study N/A
pbfh_GFP_G3BP1 This study N/A
pbfh_GFP_HMGA2 This study N/A
pbfh_GFP_NIPBL This study N/A
pbfh_GFP_NKX21 This study N/A
pbfh_GFP_SNCAP This study N/A
pbfh_GFP_TERT This study N/A

Software and algorithms

Fiji image processing package

(Schindelin et al., 2012)

https://fiji.sc/

Prism

GraphPad

https://www.graphpad.com/scientific-software/prism/

Code generated by the study

This study

https://github.com/bananisf/

Python v3.6.9

www.python.org

N/A

CellPose v0.7.2

(Stringer et al., 2021)

http://www.cellpose.org/

MATLAB R2019b Mathworks N/A
metapredict (Emenecker et al., 2021) N/A
PLAAC (Lancaster et al., 2014) N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
PSP (\Vernon et al., 2018) N/A
Ensembl VEP v102 (Yates et al., 2019) N/A
Other
35 mm glass-bottom imaging dishes Mattek Corporation P35G-1.5-20-C
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